The B subunit of factor XIII (FXIII-B) was previously thought to inhibit fibrin cross-linking by preventing thrombin-mediated activation of the A subunit (FXIII-A). Results: FXIII-B accelerated FXIII-A activation and subsequent fibrin cross-linking by formation of an FXIII-A, fibrinogen, and thrombin ternary complex. Conclusion: FXIII-B accelerated fibrin cross-linking. Significance: FXIII-B deficiency leads to impaired fibrin stabilization.
Fibrinogen (Fbg), 2 a major structural clotting factor, is composed of three types of polypeptide chains, ␣, ␤, and ␥, that are organized as dimers consisting of one central E-and two outer D-domains. Thrombin cleaves fibrinopeptides A and B in the E-domain of Fbg, thereby converting Fbg to fibrin (Fbn). Fbn spontaneously polymerizes by non-covalent binding between polymerization sites/knobs "A" and "B" (the exposed N termini of ␣-and ␤-chains in an E-domain, respectively) of one Fbn molecule and polymerization pockets/holes "a" and "b" in the C-terminal region of ␥-and ␤-chains, respectively, in a D-domain of the other Fbn molecule (1) (2) (3) . Clots formed by selfassembly of Fbn are insufficient for hemostasis because of their mechanical weakness and susceptibility to proteolysis; a stable hemostatic clot is formed by covalent cross-linking between the ␥-and ␣-chains of Fbn and by cross-linking of the ␣-chain with ␣ 2 -plasmin inhibitor, which is catalyzed by coagulation factor XIII (FXIII).
FXIII is a proenzyme of plasma transglutaminase consisting of two enzymatic A subunits (FXIII-A) and two non-catalytic B subunits (FXIII-B). FXIII-A is composed of an N-terminal activation peptide (AP), ␤-sandwich, core (including catalytic residue Cys-314), and barrel 1 and 2 domains (4). FXIII-B consists of 10 tandem repeat structures called "sushi domains" (5) , of which the fourth and ninth contribute to homodimer assembly and the first participates in heterotetramer assembly with FXIII-A (6) . Activation of FXIII is a multistep process. The initial step is cleavage of AP by thrombin, which converts FXIII-A to a catalytically inactive intermediate, FXIII-AЈ (A 2 ЈB 2 complex) (7) . FXIII-B dissociates from the A 2 ЈB 2 complex in the presence of calcium, and finally the active form of FXIII (FXIIIa) is yielded. Fbn increases the rate of AP cleavage by thrombin (7, 8) and facilitates dissociation of the A 2 ЈB 2 complex (7, 9) .
There are approximately equal amounts of FXIII-B in the "bound" form (as A 2 B 2 ) and "free" form (5) . In contrast, essentially all FXIII-A (99%) exists in a complex with FXIII-B (10) . It has been suggested that FXIII-B is necessary for stable circulation of FXIII-A in blood because it has been observed that FXIII-A levels are markedly low in the plasma of patients with FXIII-B deficiency (11) (12) (13) or of FXIII-B knock-out mice (14) , although a normal level of FXIII-A exists inside cells, such as monocytes/macrophages and megakaryocytes/platelets of FXIII-B-deficient individuals. However, FXIII-B has long been thought not to contribute to catalytic action of FXIII because it dissociates from FXIIIa at the final step of FXIII activation.
In the present study, we found that cross-linking of Fbn in plasma was delayed in the absence of FXIII-B even in the presence of FXIII-A. We also revealed that FXIII-A did not associate with Fbg in FXIII-B-deficient plasma, although it could directly bind to Fbg under plasma-free conditions (i.e. in a purified system). Herein, we demonstrate that FXIII-B accelerates cross-linking of Fbn via direct interaction with FXIII-A and Fbg.
EXPERIMENTAL PROCEDURES
Recombinant FXIII-A (rFXIII-A) was a kind gift from Zymogenetics (Seattle, WA). Recombinant FXIII-B (rFXIII-B) and its truncation mutants were expressed in a baculovirus system and purified as described previously (6) . Anti-FXIII-A monoclonal antibody (mAb) was obtained from Prof. Reed (Massachusetts General Hospital, Boston, MA). Anti-FXIII-A polyclonal antibody (pAb) was generated in-house and affinity-purified using rFXIII-A. Anti-FXIII-B antibody was purchased from Nordic Immunological Laboratories (AX Eindhoven, The Netherlands). Immunoglobulin G (IgG) of anti-FXIII-A and anti-FXIII-B antibodies was purified using Protein A-Sepharose (GE Healthcare) and biotinylated using the ECL protein biotinylation module (GE Healthcare) or coupled to CNBr-activated Sepharose 4B (GE Healthcare). Human Fbg was purchased from Sigma-Aldrich, and contaminating FXIII-B in Fbg was removed using anti-FXIII-B-Sepharose. Rabbit anti-human Fbg antibody and Protein A-coated Staphylococcus aureus (PANSORBIN) were purchased from Merck KGaA. Mouse anti-Fbg mAb (1F3) was obtained from Santa Cruz Biotechnology, Inc. (Dallas, TX). Bovine thrombin, human plasmin, and chymotrypsin were purchased from Sigma-Aldrich. Horseradish peroxidase (HRP)-conjugated anti-rabbit IgG and HRPconjugated streptavidin were obtained from GE Healthcare. A tetramethylbenzidine peroxidase substrate kit was purchased from Bio-Rad. Immobilon Western chemiluminescent HRP substrate and Zip-Tip C18 were obtained from Millipore (Billerica, MA). Iodoacetamide and trypsin were obtained from Wako Pure Chemical Industries (Osaka, Japan). The Ready-ToGlow secreted luciferase reporter system was purchased from Clontech. The mammalian expression vector pcDNA3 was obtained from Invitrogen.
Fbn Cross-linking in Plasma-FXIII-A-or FXIII-B-depleted plasma was prepared by removal of FXIII-A or -B from pooled normal human plasma using anti-FXIII-A-or anti-FXIII-BSepharose, respectively. rFXIII-A (5 g/ml) and/or rFXIII-B (10 g/ml) was added to the plasma, and a 10-l aliquot of the plasma was reacted with 10 units/ml bovine thrombin and 10 mM CaCl 2 in a 20-l mixture at room temperature for the appropriate times. The reaction was terminated by the addition of 50 mM EDTA. Fbn clots were separated from the supernatant by centrifugation, washed two times with 1 ml of 20 mM TrisHCl (pH 7.5) and 150 mM NaCl (TBS), and dissolved in 40 l of 8 M urea, 1% SDS, and 50 mM Tris-HCl (pH 8.0) (UST buffer). The sample was boiled with 40 l of 2% SDS, 0.125 M Tris-HCl (pH 6.8), 15% glycerol, 5% 2-mercaptoethanol, and 0.02% bromphenol blue (SDS-reducing buffer) and electrophoresed using a 10% polyacrylamide gel containing 0.1% SDS. The gel was stained with Coomassie Brilliant Blue R-250. Densitometric analysis was performed using a gel documentation system AE-6932GXCF and CS Analyzer version 2.0 (ATTO, Tokyo, Japan).
Cross-linking Reaction of Purified Human Fbg-FXIII-B-free human Fbg (5 mg/ml) was mixed with 5 g/ml rFXIII-A with or without 10 g/ml rFXIII-B. The reaction was started by the addition of 10 units/ml bovine thrombin and 10 mM CaCl 2 in a total volume of 20 l and was terminated by the addition of UST buffer. The sample was boiled with an equal volume of SDS-reducing buffer and electrophoresed on a 10% polyacrylamide gel containing 0.1% SDS.
ELISA for FXIII Remaining in the Supernatant after Crosslinking Reaction-Anti-FXIII-A mAb was immobilized to a 96-well plate for the measurement of FXIII-A, and anti-FXIII-B IgG was used for measurement of FXIII-B. The supernatant from the cross-linking reaction was diluted 1:2,000 using TBS containing 2% bovine serum albumin (BSA), and 0.1 ml of the dilution was incubated in an anti-FXIII-A-mAb-or anti-FXIII-B-IgG-coated plate for 2 h at room temperature. The plate was washed five times with TBS containing 0.1% Tween 20 (TBS-T). To determine FXIII-A and A 2 B 2 complex, anti-FXIII-A pAb and anti-FXIII-B antiserum, respectively, were reacted, followed by reaction with HRP-conjugated anti-rabbit IgG. To determine FXIII-B, biotinylated anti-FXIII-B IgG was reacted followed by reaction with HRP-conjugated streptavidin. The plate was finally reacted with tetramethylbenzidine substrate, and the reaction was terminated by the addition of 0.5 M sulfuric acid. The absorbance at 450 nm was measured.
Western Blotting-The supernatant and Fbn clot of crosslinking reaction that dissolved in UST buffer were boiled with an equal volume of SDS-reducing buffer for the detection of FXIII-A or SDS-nonreducing buffer (SDS-reducing buffer without 2-mercaptoethanol) for FXIII-B. Proteins were electrophoresed using an 8% polyacrylamide gel containing 0.1% SDS and transferred to a nitrocellulose membrane. The membrane was reacted with anti-FXIII-A pAb or anti-FXIII-B antiserum followed by reaction with HRP-conjugated anti-rabbit IgG. Detection was achieved using Immobilon Western chemiluminescent HRP substrate.
Binding of FXIII to Fbg-Sepharose-Fbg-Sepharose (1 mg Fbg/ml) was prepared by coupling CNBr-activated Sepharose 4B with FXIII-B-free Fbg. rFXIII-A (1 g) and/or rFXIII-B (1 g) were reacted with 10 l of Fbg-Sepharose at 4°C for 1 h. The resin was recovered by centrifugation, washed three times with TBS, and boiled with SDS-nonreducing buffer. Western blotting was conducted using biotinylated anti-FXIII-A and anti-FXIII-B antibodies and HRP-conjugated streptavidin.
ELISA for rFXIII-A and/or rFXIII-B Binding to Fbg-One microgram of Fbg was immobilized on a 96-well plate. One microgram of rFXIII-A and/or rFXIII-B was incubated in the plate at 4°C for 1 h. The plate was washed five times with TBS and reacted with anti-FXIII-A pAb or anti-FXIII-B antiserum followed by reaction with HRP-conjugated anti-rabbit IgG. The plate was finally reacted with tetramethylbenzidine substrate, and the reaction was terminated by the addition of 0.5 M sulfuric acid. The absorbance at 450 nm was measured.
Immunoprecipitation-Normal, FXIII-A-depleted, or rFXIII-A-containing FXIII-B-depleted plasma was pretreated with Protein A-Sepharose to remove immunoglobulin (Ig). Anti-Fbg antibody was added to Ig-depleted plasma and incubated at room temperature for 1 h. Protein A-Sepharose was then added to the plasma and rotated at 4°C for 1 h. The resin was collected by centrifugation, washed two times with TBS, and boiled with SDS-nonreducing buffer. FXIII-A and FXIII-B in the immunoprecipitate were detected using biotinylated anti-FXIII-A and anti-FXIII-B antibodies, respectively, and HRP-conjugated streptavidin.
ELISA of FXIII Bound to Fbg in Plasma-Anti-Fbg mAb was immobilized on a 96-well plate. Ten microliters of normal, FXIII-A-depleted, or rFXIII-A-containing FXIII-B-depleted plasma was incubated in the plate at room temperature for 1 h. Detection of FXIII-A or FXIII-B bound to the anti-Fbg mAbcoated plate was performed as described above.
Preparation of Metridia Luciferase (MetLuc) Fused with FXIII-B sushi (BS) Domains-cDNA for MetLuc and each sushi domain of FXIII-B was amplified by PCR using the primers listed in Table 1 . Sushi domain cDNA was ligated to the 3Ј-end of MetLuc cDNA with an XhoI endonuclease site, and the fusion cDNA was inserted into the BamHI and XbaI sites of expression vector pcDNA3. The expression vector was transfected into baby hamster kidney cells by the calcium phosphate precipitation method. The medium was changed to serum-free Dulbecco's modified Eagle's medium 24 h after transfection, and cells were cultured for 24 h. Because the expressed fusion protein (MetLuc-BS) was secreted, its cultured medium was harvested and used as a MetLuc-BS preparation.
Binding of MetLuc-BSs to FXIII-A or Fbg-Each MetLuc-BS preparation was diluted with serum-free medium to adjust MetLuc activity among constructs. One milliliter of a diluted MetLuc sample was incubated with or without 1 g of rFXIII-A or Fbg in TBS containing 2% BSA at room temperature for 30 min. rFXIII-A or Fbg was recovered by immunoprecipitation using anti-FXIII-A or anti-Fbg antibody and PANSORBIN. The precipitate was washed three times with TBS-T. The MetLuc activity of the precipitate was measured using Ready-To-Glow secreted luciferase substrate.
Kinetic Analysis of Fbg Binding of rFXIII-B-Various concentrations of wild-type, FXIII-B*3 polymorphic variant, or truncated rFXIII-B were incubated with Fbg immobilized on a 96-well plate at room temperature for 1 h, and ELISA for Fbg-bound FXIII-B was performed as described above. The kinetics of Fbg binding was analyzed using the software PRISM version 6.0 (GraphPad Software, Inc., La Jolla, CA) with a fitting model for nonlinear regression of one site-total saturation binding.
Plasmin Digestion of Fbg-FXIII-B-free
Fbg (50 g) was digested with 0.5 g of plasmin in the absence or the presence of 5 g of rFXIII-B at 37°C for 1 h. The reaction was terminated by boiling with an equal volume of SDS-non-reducing or -reducing buffer. The sample was electrophoresed using an 8% polyacrylamide gel containing 0.1% SDS followed by staining with Coomassie Brilliant Blue.
Nanoflow Liquid Chromatography-Tandem Mass Spectrometry (NanoLC-MS/MS)-Coomassie
Brilliant Blue-stained protein bands of interest were excised, reductively alkylated, and digested with trypsin as described previously (15, 16) . The ingel digestion was also performed with chymotrypsin (10 g/ml). The resulting peptides were extracted twice with 5% trifluoroacetic acid containing 50% acetonitrile for 30 min, concentrated using a SpeedVac concentrator, and desalted using a Zip-Tip C18 pipette tip. The desalted peptide solution was diluted 10-fold with solvent A (0.1% formic acid) and analyzed by nanoLC-MS/MS. Separation of the peptides was done using a nanoflow system (EASY-nLC 1000, Thermo Scientific, Hudson, NH) at a flow rate of 300 nl/min on a nanocapillary column (NTTC-360/75-3, Nikkyo Technos, Tokyo, Japan) with a gradient from 0 to 60% solvent B (99.9% acetonitrile, 0.1% formic acid) over 30 min and then to 100% solvent B over 5 min. The nanoflow system was connected to a quadrupole Orbitrap mass spectrometer (Q-Exactive, Thermo Scientific) equipped with a nanoelectrospray emitter. The mass spectrometer was operated in a data-dependent mode to automatically switch between MS and MS/MS acquisition. Survey full-scan spectra (m/z 350 -1800) were acquired in the Orbitrap. The 10 most intense ions (intensity threshold, 1.6Eϩ06) were sequentially isolated and fragmented by higher energy C-trap dissocia- tion (17) at 28% normalized collision energy. Peptides with charge state ϩ1 were excluded from fragmentation. Fragment spectra were also acquired in the Orbitrap. A lock mass ion from ambient air (protonated ion of polycyclodimethylsiloxane, m/z 445.12003) was used for internal calibration of measurements.
Peptide Identification-Raw files were searched against the Swiss-Prot human database (542,503 sequences) using Proteome Discoverer (version 1.4; Thermo Scientific) with Mascot (version 2.3; Matrix Science). Mascot defined "semi-specific cleavage" as specific cleavage at one terminus, but where the other terminus may be the result of nonspecific cleavage (see the Matrix Science Web site). Substrates for plasmin and trypsin contain Lys or Arg at the P1 site, but those for chymotrypsin do not. In this study, we identified plasmin-digested protein/ peptide bands by in-gel digestion using trypsin or chymotrypsin. To identify plasmin-digested peptides prior to tryptic or chymotryptic digestion, we set the enzyme to trypsin and the semi-specific cleavage to chymotrypsin (termed semi-chymotrypsin) with maximum missed cleavage sites of 2 and 3, respectively. We also set a peptide tolerance of 5 ppm; an MS/MS tolerance of 0.02 Da; and variable modifications for carbamidomethyl cysteine, N-terminal pyroglutaminate, and N-terminal pyrocarbamidomethyl cysteine. The false discovery rate for the identity threshold was in all cases 0% as estimated by the Mascot decoy database function. Peptides with an expectation value less than 0.01 are listed in Tables 2-4 .
Statistical Analyses-Statistical analyses were performed using JMP software, version 11.0.0 (SAS Institute, Cary, NC) and Prism 6.0e (GraphPad Software Inc.), and results are presented as mean Ϯ S.D. The Mann-Whitney or Kruskal-Wallis test was used to compare groups, and the Spearman coefficient was calculated to measure the correlation between parameters. Differences were deemed statistically significant at a p value Ͻ0.05.
RESULTS

FXIII-B Accelerates Cross-linking of Fbn in FXIII-B-deficient
Plasma-To examine the contribution of FXIII-B to cross-linking of Fbn in human plasma, either FXIII-A or -B was removed from human normal plasma using antibody-coupled Sepharose beads. Although removal of FXIII-A resulted in undetectable Peptides with expectation values (column 11) less than 0.01 are listed. "Start" (column 1) and "End" (column 2) indicate amino acid residue numbers from the N termini of the mature fibrinogen ␥-chain. The enzyme used for in-gel digestion and the number of miscleavages in each reaction are shown in columns 3 and 4, respectively. A peptide whose N-and C-terminal cleavage sites are chymotrypsin FLWY and trypsin KR, respectively, is represented in a pale gray box. "M r (calc)" (column 7) represents the theoretical monoisotopic molecular mass (Da) based on the peptide sequence. The Mascot score value (column 9) exceeding an identity threshold (column 10) is indicated in boldface type. N-term, N-terminal flanking amino acid; C-term, C-terminal flanking amino acid; Carbamidomethyl (C), carbamidomethyl cysteine; GlnϾpyro-Glu (N-term Q), N-terminal pyroglutaminate. levels of FXIII-A and amine incorporation activity in the plasma, 35% of FXIII-B remained in FXIII-A-depleted plasma. FXIII-A and FXIII-B and amine incorporation activity were not detected in FXIII-B-depleted plasma.
Cross-linking between Fbn ␥-chains was almost completed within 1 min in normal plasma, whereas it was hardly observed in both FXIII-A-and -B-depleted plasma (Fig. 1, A-E) . Reconstitution with 5 g/ml rFXIII-A improved ␥-␥ dimer formation in FXIII-A-depleted plasma to completion within 1 min as in normal plasma, whereas it was insufficient to stimulate ␥-␥ dimer formation in FXIII-B-depleted plasma. Cross-linking between ␥-chains in FXIII-B-depleted plasma was recovered to normal levels by the addition of both rFXIII-A and rFXIII-B. Acceleration of Fbn cross-linking by rFXIII-B was also confirmed in a reaction of purified Fbg with rFXIII-A, thrombin, and calcium (Fig. 1, F and G) , indicating that the accelerating Peptides with expectation values (column 11) less than 0.01 are listed. The Mascot score value (column 9) exceeding an identity threshold (column 10) is indicated in boldface type. Carbamidomethyl (C), carbamidomethyl cysteine; GlnϾpyro-Glu (N-term Q), N-terminal pyroglutaminate; Pyrocarbamidomethyl (N-term C), N-terminal pyrocarbamidomethyl cysteine.
TABLE 4 Identification list of fibrinogen ␥ chain-derived peptides obtained from in-gel digestion of ␥3
Peptides with expectation values (column 11) less than 0.01 are listed. Peptides whose N-and C-terminal cleavage sites are chymotrypsin FLWY and trypsin KR, respectively, are represented in pale gray boxes. The Mascot score value (column 9) exceeding an identity threshold (column 10) is indicated in boldface type. Carbamidomethyl (C), carbamidomethyl cysteine; GlnϾpyro-Glu (N-term Q), N-terminal pyroglutaminate.
effect of FXIII-B on fibrin cross-linking was not mediated by any other plasma components.
FXIII-B Mediates Incorporation of FXIII-A into Fbn Clots and AP Cleavage-FXIII-A is involved in
Fbn clot formation and therefore is present at very low levels in serum. Incorporation of FXIII-A into Fbn clots in FXIII-B-depleted plasma supplemented with rFXIII-A (FXIII-B(Ϫ)ϩA plasma) was examined to determine the mechanism of acceleration of Fbn cross-linking by FXIII-B. After the cross-linking reaction, the supernatant was separated from Fbn clots by centrifugation, and the amounts of FXIII-A and -B remaining in the supernatant were quantified by ELISA. More than 60% of FXIII-A was incorporated into Fbn clots in normal plasma within 30 s (Fig. 2A) . On the other hand, 65% of supplemented rFXIII-A in FXIII-B(Ϫ)ϩA plasma remained in the supernatant even after 5 min. Western blot analysis confirmed the incorporation of FXIII-A into Fbn clots accompanied by AP cleavage in normal plasma and impaired incorporation and AP cleavage of rFXIII-A in FXIII-B(Ϫ)ϩA plasma (Fig. 2C) . When rFXIII-B was added to FXIII-B(Ϫ)ϩA plasma, rFXIII-A incorporation into Fbn and AP cleavage was greatly improved. Enhancement of AP cleavage by rFXIII-B was also confirmed in a reaction with purified Fbg, although rFXIII-B itself did not accelerate AP cleavage in the absence of Fbg (Fig. 2D) .
Cross-linking-dependent Release of FXIII-B from Fbn Clots-
Although FXIII-A remained in the Fbn clot, FXIII-B was transiently incorporated into the clot and released within 2 min (Fig. 2B) . Consistent with FXIII-B dissociation from activated FXIII-A in the presence of calcium ions, calcium chelator EDTA blocked the release of FXIII-B from Fbn (Fig. 3, A-C) . Because EDTA also inhibited the enzymatic activity of activated FXIII-A, the cross-linking reaction might be required for the release of FXIII-B from Fbn clot. When the cross-linking reaction was performed in normal plasma with a transglutaminase inhibitor, iodoacetamide, release of incorporated FXIII-B into the supernatant was markedly repressed (Fig. 3, D-F) , indicating that the release of FXIII-B from fibrin was dependent on a transglutaminase reaction.
Direct Interaction of FXIII-B with Fbg-Plasma FXIII has been thought to bind to Fbg via FXIII-A because platelet FXIII (FXIII-A) was reported to specifically bind to Fbg (18, 19) . FXIII-B incorporated into the Fbn clot was released by calciumdependent dissociation from FXIII-A and cross-linking of Fbn. This finding implied a possible direct interaction between FXIII-B and Fbg in addition to the heterotetramer assembly with FXIII-A. To explore whether FXIII-B directly bound to Fbg, the interaction of FXIII subunits with Fbg was examined using Fbg-Sepharose. rFXIII-A was collected by Fbg-Sephar- MAY 8, 2015 • VOLUME 290 • NUMBER 19 ose in the absence of rFXIII-B (Fig. 4A) . rFXIII-B also bound to Fbg-Sepharose even in the absence of rFXIII-A. Interaction of FXIII with Fbg was quantified by ELISA using a Fbgimmobilized plate. Binding of rFXIII-A to Fbg was reduced in the presence of rFXIII-B (Fig. 4B) . Fbg-binding of rFXIII-B tended to decrease in the presence of rFXIII-A, the effect of which was milder than that of rFXIII-B on the rFXIII-A binding to Fbg.
Factor XIII B Subunit Accelerates Fibrin Cross-linking
To confirm whether FXIII-B interacted with Fbg in plasma, co-immunoprecipitation of FXIII with Fbg from normal, FXIII-A-depleted, or FXIII-B(Ϫ)ϩA plasma was examined using an anti-Fbg antibody. Both FXIII subunits co-immunoprecipitated with Fbg in normal plasma (Fig. 4C) . In FXIII-A-depleted plasma, FXIII-B was recovered with an anti-Fbg antibody, although FXIII-A was absent. However, rFXIII-A in FXIII-B(Ϫ)ϩA plasma was hardly detected in the Fbg immunoprecipitate. ELISA using an anti-Fbg antibody-coated plate revealed an interaction of FXIII-B with Fbg in FXIII-A-depleted plasma and much less binding of rFXIII-A to Fbg in FXIII-B(Ϫ)ϩA plasma (Fig. 4D) . Thus, it was confirmed that the FXIII heterotetramer binding to Fbg in plasma is mediated by FXIII-B rather than FXIII-A.
Fbg-binding Domain of FXIII-B-MetLuc-BS
fusion proteins were constructed to determine which sushi domain(s) was responsible for the interaction with Fbg. All 10 MetLuc-BSs were confirmed to bind to an anti-FXIII-B antibody, although MetLuc itself did not (Fig. 5A) . When each MetLuc-BS was incubated with FXIII-A, only MetLuc carrying the first sushi domain was co-immunoprecipitated with an anti-FXIII-A antibody (Fig. 5B) , confirming previous findings that the first sushi domain binds to FXIII-A (6). On the other hand, no MetLuc-BS co-immunoprecipitated with Fbg (Fig. 5C ), implying that more than one sushi domain is required for binding between FXIII-B and Fbg.
We previously constructed several truncation mutants of FXIII-B and successfully purified rFXIII-Bs missing either the first or the tenth sushi domain (FXIII-B 2-10 or FXIII-B 1-9 ; denoted as rB⌬1 st or rB⌬10 th , respectively) (6). We examined binding of rB⌬1 st and rB⌬10 th to Fbg. Both truncated rFXIII-B constructs bound to Fbg much less efficiently than wild-type rFXIII-B (Fig. 5D) ; apparent K d for wild-type rFXIII-B binding to Fbg was estimated to be 1.54 Ϯ 0.45 ϫ 10 Ϫ7 M. These results indicated that loss of either the first or the tenth sushi domain resulted in decreased binding ability to Fbg.
There are four isoforms of FXIII-B caused by genetic polymorphisms, one of which (FXIII-B*3) has a distinct C-terminal tail with the same tenth sushi domain resulting from complete allele-specific alternative splicing (20) . rFXIII-B*3 showed a Fbg-binding efficiency similar to that of wild-type rFXIII-B (Fig. 5D ) because its K d for the binding to Fbg was estimated to be 3.01 ϫ 10 Ϫ7 M, excluding the contribution of the C-terminal tail in Fbg binding.
Because truncation of either the first or the tenth sushi domain impaired the interaction to FXIII-A and/or Fbg, the effect of truncated rFXIII-Bs on Fbn cross-linking was examined. When either rB⌬10 th or rB⌬1 st was added to FXIII-B(Ϫ)ϩA plasma, cross-linking of Fbn ␥-chains was nearly unaffected, and incorporation of FXIII-A into Fbn clots was not promoted (Fig. 5, E-G (Fig. 6A) , and ␥-chain-derived fragments ␥1, ␥2, and ␥3 were detected under the reducing condition (Fig. 6B) . rFXIII-B suppressed the appearance of fragments D 2 and D 3 (␥2 and ␥3) in the digestion of Fbg with plasmin without any effect on the cleavage of either D or E domain, suggesting possible masking of the cleavage site(s) in the ␥-chain by the binding of FXIII-B. Therefore, the N and C termini of fragments ␥1, ␥2, and ␥3 were determined by LC-MS/MS analysis. The N termini of fragments ␥1, ␥2, and ␥3 contained a common Tyr-96, and the C termini contained Lys-406, Lys-356, and Lys-302, respectively (Tables 2-4 and Fig. 6 , C-E). These results suggest that rFXIII-B protected the ␥-chain from cleavage at the carboxyl side of Lys-302 and Lys-356, residues that were located very close to polymerization pocket "a" (22) (Fig. 6F) .
DISCUSSION
The role of FXIII-B in the Fbn cross-linking reaction has been overlooked for a long time because FXIII-B is not catalytic and dissociates from active FXIII-A at the end of the activation process. Instead, FXIII-B has been thought to slow down the overall conversion of FXIII (A 2 B 2 ) to FXIIIa (A* 2 ) by masking the active center of FXIII-A (23). In the present study, we dem- Plasma FXIII is thought to circulate in a complex with Fbg based on observations that FXIII co-precipitated and migrated with plasma Fbg in immunoelectrophoretic or immunodiffusion experiments (24) . It has been suggested that binding of plasma FXIII to Fbg was mediated by FXIII-A because platelet FXIII (FXIII-A) specifically bound to Fbg (18, 19) . In the present study, however, FXIII-A in FXIII-B-deficient plasma was not recovered by immunoprecipitation using an anti-Fbg antibody.
In contrast, FXIII-B co-immunoprecipitated with Fbg from FXIII-A-deficient plasma, indicating that plasma FXIII interacts with Fbg via FXIII-B. It is therefore understandable that loss of FXIII-B delays the access of FXIII-A to the Fbn substrate, causing delay of Fbn cross-linking.
Digestion of Fbg with plasmin in the presence of FXIII-B suggested that FXIII-B bound to the C-terminal part of the ␥-chain in the D-domain, which is near the polymerization pocket "a" (Fig. 6F) . It is possible that the polymerization pocket "a" of Fbg (and the Fbn monomer) was not masked in the complex with FXIII-B because FXIII-B remained bound to Fbn clots in the presence of the transglutaminase inhibitor iodoacetamide.
Siebenlist et al. (25) reported that plasma FXIII (A 2 B 2 ) specifically bound to Fbg containing a splicing variant of the ␥-chain, ␥Ј (␥ A /␥Ј), and suggested that the interaction between Fbg (␥ A /␥Ј) and plasma FXIII was mediated by FXIII-B because placental or platelet FXIII (A 2 ) did not bind to ␥ A /␥Ј. We constructed a fusion protein of secreted luciferase with ␥-chain (residues 391-411) or ␥Ј-chain (residues 391-427) C termini, but direct binding of these fusion proteins to FXIII-B was not observed. 3 It is difficult to conclude whether FXIII-B binds directly to the C-terminal tail of ␥Ј-chain; the other C-terminal part of ␥ (␥Ј)-chain together with the ␥Ј-tail may be required for the tight binding with FXIII-B. On the other hand, Moaddel et al. (26) demonstrated that plasma FXIII formed complexes with both predominant Fbg (␥ A /␥ A ) and ␥ A /␥Ј, although it bound to ␥ A /␥Ј ϳ20-fold more tightly than to ␥ A /␥ A . Because the D-domain of almost all Fbgs (mixture of ␥ A /␥ A and ␥ A /␥Ј) was protected from digestion with plasmin by FXIII-B, FXIII-B seems to bind to both forms of Fbg.
Both the first and tenth sushi domains of FXIII-B probably contribute to the binding to Fbg, although neither of them alone bound Fbg. Our previous study demonstrated that FXIII-B formed a homodimer through the fourth and ninth sushi domains and assembled a hetrotetramer with FXIII-A through the first sushi domain (6) . Herein, we confirmed that the first sushi domain binds FXIII-A. Although the exact structure of FXIII-B is still unknown because of the absence of crystallographic data, we propose a model that the first (or first through third) and tenth sushi domains of FXIII-B bind to a D-domain nodule of Fbg in a clip-like structure and that the FXIII-A connection to Fbg is mediated by the first sushi domain 3 M. Souri, T. Osaki, and A. Ichinose, unpublished data. A total of 45 peptides, including 24 tryptic peptides, 20 chymotryptic peptides, and one semi-chymotrypsin peptide, were identified. From these identified peptides, ␥1 was predicted to consist of 311 amino acid residues (molecular mass, 35,176 Da) spanning amino acids 96 -406 of the mature fibrinogen ␥ chain. D, prediction of ␥2. A total of 33 peptides, including 13 tryptic peptides and 20 chymotryptic peptides, were identified. From these identified peptides, ␥2 was predicted to consist of 261 amino acid residues (molecular mass, 29,490 Da) spanning residues 96 -356 of the mature protein, whereas at least three distinct peptide regions, two at the N terminus and one at the C terminus, besides the predicted region were identified. E, prediction of ␥3. A total of 27 peptides, including 17 tryptic peptides, 8 chymotryptic peptides, and 2 semi-chymotrypsin peptides, were identified. From these identified peptides, ␥3 was predicted to consist of 207 amino acid residues (molecular mass, 23,338 Da) spanning amino acids 96 -302 of the mature protein, whereas at least two distinct peptide regions, one in each of the Nand C termini, besides the predicted region were identified. of FXIII-B (Fig. 7, preactivation stage) . Moaddel et al. (26) proposed that one FXIII molecule forms a complex with two Fbg molecules. It is possible that a FXIII-B homodimer has two clips at either end and that the C termini of two D-domains are connected by FXIII-B in an FXIII-Fbg complex, which is advantageous for rapid cross-linking between ␥-chains immediately after the activation of FXIII.
Lack of FXIII-B in plasma also delayed AP cleavage of FXIII-A by thrombin. Fbn (Fbg) is known to accelerate activation of FXIII, including the AP cleavage reaction (7, 8) . Greenberg et al. (27) demonstrated that the activation of FXIII was promoted by the formation of a complex of thrombin, Fbn, and plasma FXIII (A 2 B 2 ). Thus, it is understandable that binding of FXIII-B to Fbg and FXIII-A enhances AP cleavage by thrombin. Greenberg and Shuman (28) also demonstrated acceleration of thrombin-catalyzed FXIII activation by polymerization of Fbn. Thrombin interacts with the central E-domain of Fbg and remains bound to Fbn after fibrinopeptides are removed (29, 30) . Therefore, it is hypothesized that thrombin bound with a central E-domain of one Fbn approaches FXIII-A that is bound near the polymerization pocket "a" of another Fbn by FXIII-B, leading to the effective cleavage of AP (Fig. 7, activation stage) .
FXIII-B dissociates from AP-cleaved FXIII-A (FXIII-AЈ) in the presence of calcium ion (converting to FXIII-A*), and Fbg lowers the concentration of calcium required for the dissociation of FXIII-B from FXIII-A* (31). Therefore, FXIII-B remains bound to FXIII-AЈ in Fbn clots formed in the presence of EDTA (32) . Surprisingly, inhibition of cross-linking by iodoacetamide also blocked the dissociation of FXIII-B from Fbn clots even in the presence of calcium concentrations adequate for dissociation. Because iodoacetamide does not inhibit the calcium-dependent dissociation of FXIII-B from FXIII-A (33), FXIII-B probably maintains binding to non-cross-linked Fbn but not to FXIII-A*. In turn, FXIII-B dissociation from Fbn depends on cross-linking between ␥-chains; calcium-dependent dissociation of A* 2 B 2 and cross-linking between two ␥-tails may coincide with "unclipping" of FXIII-B from Fbn (Fig. 7, cross-linking  stage) . FXIII-A* is retained in Fbn clots after dissociation of FXIII-B as a "true" enzyme-substrate complex and continues further cross-linking between ␣-chains, ␣-chain and ␣ 2 -plasmin inhibitor, and other Fbn elements.
In the presence of FXIII-B (normal plasma), ␥-chains are cross-linked by FXIII-A* more rapidly than ␣-chains, possibly due to guidance of FXIII-B as described above. Accordingly, cross-linking of Fbn chains in the absence of FXIII-B may occur in random order. However, at least under the conditions studied herein, cross-linking of ␣-chains in FXIII-B-depleted plasma was delayed from the formation of ␥-␥ dimers. Because AP cleavage was almost negligible in the supernatant of FXIII-B-depleted plasma, a D-domain of polymerized Fbn may be the location for AP cleavage of FXIII-B-free FXIII-A by E-domainbound thrombin.
In the purified system, both the FXIII-A activation and fibrin-cross-linking reaction were delayed in the absence of FXIII-B when compared with those in the presence of FXIII-B, although FXIII-A could bind to Fbg. Mary et al. (19) However, FXIII-A by itself could not bind to Fbg in plasma, suggesting that this hypothetical potential binding site(s) on Fbg may be occupied other plasma proteins, such as ␣ 2 -plasmin inhibitor and plasminogen (34), fibronectin, von Willebrand factor, etc. In plasma, because FXIII-B exists in excess of FXIII-A, all FXIII-A is in a complex with FXIII-B. Therefore, FXIII-B may bring FXIII-A to Fbg to be readily activated by thrombin, as demonstrated by the current studies.
Among Asian Indians, FXIII-B*3 is associated with a lower FXIII activity than FXIII-B*1 (35) . However, the differences in the C-terminal tail of FXIII-B*1 and FXIII-B*3 did not affect binding to Fbg. There may be other unknown function(s) of FXIII-B in FXIII-mediated catalysis.
In conclusion, FXIII-B essentially accelerates cross-linking of Fbn via direct interactions with Fbg and FXIII-A whereby FXIII-B localizes FXIII-A to the D-domain of Fbg close to the Fbn polymerization pocket and the C-terminal tail of the ␥-chain, which is responsible for activation of FXIII-A and cross-linking between ␥-chains. In addition to the conservation of FXIII-A in blood, this accelerating effect of FXIII-B on Fbn cross-linking is expected to be responsible for maintaining hemostasis because FXIII-B deficiency results in an increased bleeding tendency despite having a milder phenotype than FXIII-A deficiency (11, 36) .
